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We describe here a Drosophila gene, tosca (tos), that is speci®cally expressed in the female germline. tos mRNA accumulates
selectively within the pro-oocyte in germarial region 2 and persists throughout oogenesis. In the early embryo, the mater-
nally supplied tos mRNA is evenly distributed at the syncytial blastoderm stage, but is excluded from the forming cells
when cellularization begins. tos product is the ®rst Drosophila member of the RAD2 protein family, a group of related
DNA repair nucleases conserved from yeast to humans. Within the family, Tos is more closely related to ExoI, a Schizosac-
charomyces pombe 5* r 3* double-stranded DNA exonuclease speci®cally induced in meiotic prophase I. The de®nite
oocyte localization of tos transcript during meiosis and its ubiquitous distribution in early embryos suggest that tos may
play a role in mismatch repair during genetic recombination and early cleavage divisions. q 1996 Academic Press, Inc.
INTRODUCTION scribed in association with the synaptonemal complex; these
structures are thought to be the sites where recombination
occurs. These nodules are present in both pro-oocytes andThe ovary of Drosophila melanogaster consists of about 16
their number correlates well with the frequency of recoverableovarioles, each containing a series of developing egg chambers.
exchanges (Carpenter, 1979a). Nothing is known of their mo-Oogenesis starts at the anterior tip of the ovariole, the germar-
lecular composition.ium, where two or three germline stem cells are present and
Throughout oogenesis, organelles and speci®c mRNAsdivide asymmetrically, giving rise to a new stem cell and a
are transported through the ring canals from the nurse cellscystoblast (reviewed by King, 1970; Mahowald and Kamby-
to the oocyte, and this polarized system of transport playssellis, 1980). During the four subsequent mitotic divisions of
a prominent role in the process of oocyte differentiationthe cystoblast, cytokinesis is incomplete, resulting in a cluster
(reviewed by Spradling, 1993a,b; Theurkauf et al., 1993;of 16 cystocytes that stay interconnected through cytoplasmic
Cooley and Theurkauf, 1994; Knowles and Cooley, 1994).bridges, called ring canals. Only two of the cells in the cluster
Few speci®c mRNA molecules have been shown to selec-have four ring canals. These two cells become pro-oocytes and
tively accumulate into the pro-oocyte within the germarialenter prophase I of meiosis, as evidenced by synaptonemal
region, and it is generally believed that their accumulationcomplex formation, shortly after completion of the last pre-
may determine oocyte identity. These transcripts, such asmeiotic mitosis (Carpenter, 1975a). Initially, the two pro-oo-
those of the Bicaudal-D (Bic-D) (Suter and Steward, 1991),cytes are located at the center of the cluster, but once one of
oo18 RNA binding (orb) (Lantz et al., 1992), hu-li tai shaothem is stably determined as the oocyte, it moves into the
(hts) (Yue and Spradling, 1992), and Bicaudal-C (Bic-C) (Ma-most posterior position. The other cell loses its synaptonemal
hone et al., 1995) genes, accumulate into the pro-oocytecomplex and assumes a nurse cell morphology. Densely stain-
shortly after the 16-cell cysts form.ing structures, called recombination nodules, have been de-
Given that the accumulation of speci®c mRNAs is an
essential event for oocyte differentiation, the identi®cation
of additional genes whose transcripts are precociously local-Sequence data from this article have been deposited with the
ized within the pro-oocyte may constitute a useful approachEMBL/GenBank Data Libraries under Accession Nos. X89021 and
X89022. toward the de®nition of the genetic network involved in
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this differentiative process and in the correct course of fe- Computer Analysis
male meiosis.
Sequence comparisons were performed using the Blasta search
Here we report the identi®cation and the characterization algorithm at the NCBI. Multiple alignments were performed using
of a Drosophila gene, tosca (tos), the transcript of which is the MACAW program (Lawrence et al., 1993).
speci®cally localized within the developing oocyte from the
early steps of oogenesis. Homology searches indicate that
Whole-Mount in Situ Hybridization withTos belongs to the RAD2 family, which includes proteins
Digoxigenin Probesshowing nuclease activity and being involved in the general
pathway of nucleotide excision repair (NER) (reviewed by
Whole ovaries were analyzed essentially according to Tautz and
Hoeijmakers, 1993a,b). Within the family, Tos appears more Pfei¯e (1989). The procedure was modi®ed as follows: ovaries were
closely related to ExoI, a 5* r 3* dsDNA exonuclease from dissected in EB buffer (125 mM NaCl, 5 mM KCl), transferred to
Schizosaccharomyces pombe which so far represented the microfuge tubes, and ®xed for 30 min in 4% paraformaldehyde, 2%
only identi®ed member of a new, third family subtype DMSO in phosphate-buffered saline (PBS, 130 mM, NaCl, 7 mM
Na2HPO4 2H2O, 3 mM NaH2PO4 2H2O) at room temperature,(Szankasi and Smith, 1995). ExoI is meiotically induced and
washed ®ve times with PBS, and then dehydrated through an etha-plays a role in mismatch correction after replication or re-
nol series into 100% ethanol and stored at 0207C. Single-strandedcombination (Szankasi and Smith, 1995). We discuss the
digoxigenin-labeled probes (Boehringer-Mannheim) were obtainedpossibility that Tos plays a similar role in Drosophila.
using the PCR method. After hybridization, ovaries were treated
as described by Suter and Steward (1991), stained, dissected into
ovarioles, and then mounted in glycerol.
MATERIALS AND METHODS
Fly Strains RESULTS
Stocks were raised at 217C under standard culturing conditions.
Isolation and Molecular Organization of theThe w1118 strain was used as wild-type control.
tosca Gene
Several transcriptional units with sex-speci®c expressionRNA Analysis
were discovered during the course of a chromosomal walk
Total RNA was isolated from appropriately staged embryos, lar- covering region 36F6-10 (Palmer et al., 1993). Here we de-
vae, and adults following the procedure described by Ish-Horowicz scribe a female-speci®c transcriptional unit initially identi-
(1989). Polyadenylated RNA was selected by oligo(dT)-cellulose ®ed using as probe a 3-kb EcoRI genomic fragment (see the
column chromatography (GIBCO-BRL). map in Fig. 1A). Two transcripts, about 2.6 and 2 kb long,
To de®ne the 5* end of the tos transcript, RNase protection, S1
were revealed by this probe in Northern blot experiments.mapping, and primer extension assays were performed essentially
While the less abundant 2-kb transcript was present at theas described by Sambrook et al. (1989). Uniformly labeled RNA
same level in both sexes, the 2.6-kb RNA was speci®callyprobes were synthesized from cloned genomic DNA by bacterio-
found at high level only in embryos and adult females (Figs.phage RNA polymerases (Promega). Both S1 mapping and primer
extension assays contained 0.5 ng of probe (51 108 to 8 1 108 cpm/ 1B and 1C). To better de®ne this female-speci®c transcrip-
mg) and 10 mg of poly(A)/ RNA. Protected fragments remaining tion unit, which we have named tos, an adult female cDNA
after digestion were separated on sequencing gels and analyzed by library was screened using the 3-kb EcoRI genomic fragment
autoradiography of the dried gels. S1 mapping was done using a 0.6- as probe and four overlapping clones were obtained and se-
kb EcoRI±AvaII genomic fragment as probe, while for the primer quenced. A nearly full-length cDNA clone, 2336 bp long, is
extension experiment a 23-mer oligonucleotide spanning nucleo- presented in Fig. 2, aligned with the sequence of the geno-
tide positions 1204±1183 (see Fig. 2) was used.
mic region. This clone ends with a poly(A) tract of 66 resi-For Northern blot analysis, 10 mg of poly(A)/ RNA from the
dues not encoded by the genomic DNA. Primer extensionappropriate stage of the life cycle was electrophoresed in 1.2% aga-
and RNase protection experiments (data not shown) indi-rose MOPS/formaldehyde gels and capillary transferred to Hybond
cate that the 5* end of the tos transcript extends approxi-N membranes overnight in 101 SSC. Hybridization was performed
in 50% formamide, 61 SSC, 11 Denhardt's, 0.5% SDS, 4 mM mately 135 bp upstream of the 5* end of this cDNA clone
EDTA, 200 mg/ml salmon sperm DNA at 427C, and the membranes (Fig. 2).
were washed twice for 10 min at room temperature in 21 SSC, The comparison with the genomic sequence revealed a
0.1% SDS and twice for 30 min at 657C in 0.11 SSC, 0.1% SDS. single, small intron of 55 bp. Conceptual translation of the
Following exposure to X-ray ®lm, the ®lters were stripped and rehy- longest ORF yields a 732-amino-acid protein having a pre-
bridized with a probe for the constitutively expressed rp49 gene dicted molecular weight of 83 kDa and an isoelectric point
(O'Connell and Rosbash, 1984) to control for the quantity and qual-
of 8.49 (Fig. 2). The presence of two putative nuclear tar-ity of RNA loaded in each lane.
geting signalsÐunderlined in Fig. 2Ðindicates that TosDouble-stranded DNA probes were labeled by random hexamer
protein is probably localized within the nucleus.priming as described in Sambrook et al. (1989). Single-stranded
The 2-kb message present in both sexes has been onlyantisense probes were made from cDNA clones obtained in the
pBluescript (KS0) vector. partially characterized. This message is constitutively ex-
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Amino acid sequence homology among members of the
RAD2 family is limited to particular domains interspersed
with regions of poor conservation. Two domains, called N
(N-terminal) and I (I-internal), appear to be conserved by all
members of the family (Carr et al., 1993; Harrington and
Lieber, 1994; Scherly et al., 1993; Szankasi and Smith, 1995)
and are generally thought to be required for nuclease activ-
ity.
On the basis of homology and gene structure, members
of the RAD2 family have been grouped into three classes.
The length of the spacer region separating the N (depicted
as large gray boxes in Fig. 3) and I domains (depicted as large
vertically striped boxes in Fig. 3) appears to be speci®cally
conserved among members of each class, but to vary widely
from one class to another; furthermore, additional regions
of homology appear to be speci®cally present among mem-
bers of each class (depicted as small boxes in Fig. 3) (Szan-
kasi and Smith, 1995).
Tos has the greatest homology with ExoI, a S. pompe
meiotically induced 5* r 3* double-stranded DNA exo-
nuclease that is so far the only identi®ed member of class
FIG. 1. Molecular organization and expression pro®les of tos and III. In fact, ExoI is more closely related to Tos than to any
ct, two transcription units originating from the 36F6-10 polytene
other yeast member of the RAD2 family. The N domainsregion. (A) On the top, restriction map of the genomic region. Below
of Tos and ExoI have 43.7% sequence identity (consideringthe map, the molecular organization of tos and ct is outlined. The
the conservative amino acid substitutions, the similarity5* end of tos transcript lies only 107 bp upstream of the 5* end of
increases to 63.5%), while 40.8% sequence identity (61.6%the largest ct exon depicted in the map. (B) A Northern blot of
poly(A)/ RNA extracted from Drosophila adult of both sexes was similarity) was detected between the I domains.
probed with the 3-kb EcoRI genomic fragment shown in the map. The homology between Tos and Exo I extends down-
The female-speci®c transcript of about 2.6 kb corresponds to tos stream of the N and I conserved regions, leading to the
mRNA, while the 2-kb transcript detected in both sexes has been identi®cation of a third, less conserved, domain having
provisionally named constitutive transcript (ct). (C) A Northern 27.7% identity (55.5% similarity) (Fig. 3). In addition, the
developmental blot of poly(A)/ RNA extracted at all stages of the
length of the spacer separating the N and I domains isDrosophila life cycle was hybridized with a tos cDNA used as
strictly conserved between Tos and ExoI, being of 24 resi-probe.
dues in both proteins.
tos Is Expressed only in the Female Germline and
pressed throughout the Drosophila life cycle (data not Its Message Is Speci®cally Localized within the
shown) and is transcribed in the opposite direction relative Oocyte
to tos (Fig. 1A). Four cDNA clones representative of this
tos encodes a single transcript of 2.6 kb which is detectedtranscript, which we will indicate here provisionally as ct
at high level only in embryos and in adult females, where(constitutive transcript) were isolated from a cDNA library
it is selectively accumulated in the ovary (Fig. 4A).of adult males using the 3-kb EcoRI genomic fragment as
To determine whether the expression of the gene occursprobe. Analysis of these clones indicates that tos is nested
in the ovarian soma or if it is restricted to the female germ-within a 3.1-kb intron of the ct transcription unit whose
line, we have investigated the presence of tos mRNA in themolecular organization remains to be de®ned.
progeny of females homozygous for the grandchildless tudor
(tud) mutation. Regardless of their genotype, F1 progeny of
homozygous tud females do not form pole cells, the precur-tos Encodes a Protein Related to the RAD2
sor of the germinal cells. Consequently, adults of the F1Nuclease Family
progeny do not have germ cells within their gonads, while
the somatic genital structures are normal (Boswell and Ma-A comparison of the predicted amino acid sequence with
the SwissProt database and with translated GenBank nucle- howald, 1985). As shown in Fig. 4B, no tos mRNA was
detected in the F1 progeny of tud females, indicating thatotide sequences revealed that Tos belongs to the RAD2 pro-
tein family, a group of related DNA repair nucleases. Al- the expression of the gene is restricted to the germline. In
contrast, the ct message was detected at the same level inthough RAD2 proteins appear to be conserved from yeast
to man, no member of this family has previously been de- both sexes of either wild-type or tud strain (Fig. 4C).
In situ hybridization experiments to whole-mount prepa-scribed in Drosophila.
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FIG. 2. Sequence of tos transcript and the predicted Tos protein. The nucleotide sequence of the longest tos cDNA clone is reported,
aligned with the corresponding genomic region. The last nucleotides at the 5* and 3* ends of the tos cDNA clone are marked by the
asterisks below the sequence. The tos transcription start point, marked by the arrow, was assigned by primer extension analysis, RNase
protection experiments, and S1 mapping to the GÐboldface typedÐat position 50 of the reported sequence; the putative tos TATA box
is double underlined. Within the tos coding region, the positions of the two putative nuclear targeting signals are underlined.
rations of wild-type ovaries with a digoxigenin-labeled this region, tos message is ®rst detected within a single cell,
which presumably corresponds to the pro-oocyte, in eachprobe revealed that tos mRNA is speci®cally enriched
within the pro-oocyte (Fig. 5). Little or no tos mRNA is of these cysts (Fig. 5a). In fact, in the region 3 of the germar-
ium, tos mRNA is clearly enriched in the posterior cell offound in region 1 of the germarium which contains the stem
cells, the cystoblasts, and 2- to 4- and 8-cell cysts. The each cluster, which, because of this position, can be posi-
tively identi®ed as the oocyte.differential accumulation of tos mRNA appears to start in
the anterior part of region 2 (region 2a) where two 16-cell In the subsequent stages, up to stage 6, the message is
uniformly distributed throughout the oocyte (Figs. 5b andcysts are positioned across the width of the germarium. In
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FIG. 3. tos encodes for a member of the RAD2 nuclease family. (A) Schematic representation of members of RAD2 family of proteins,
following Szankasi and Smith, 1995. The domains common to all members of the family are diagrammed as large gray (N region) and
vertically striped (I region) boxes. Additional regions conserved among members of each class are diagrammed as small boxes. (B) Amino
acid sequences from the conserved regions of Tos and S. pombe ExoI are aligned to identify conserved amino acids. The asterisks under
the amino acids indicate identity while dots indicate conservative substitutions.
5c). At stages 8±9, when the oocyte begins to increase in ate (stages 11±12), the transcript appears to be uniformly
distributed throughout the oocyte (Fig. 5f). This uniformsize due to the deposition of yolk, tos mRNA becomes local-
ized at the nurse cells±oocyte border (Fig. 5d). The func- distribution is detected in the last stages of oogenesis and
in the fertilized egg through the syncytial blastoderm stage.tional signi®cance of this transient localization is presently
unknown. A similar localization in the anterior region of When cellularization begins, the transcript is still detected
in the interior region of the embryo, but appears to be ex-the oocyte has been described at these stages for several
other transcripts such as, for example, those of hts, bcd, cluded from the forming blastoderm cells (data not shown).
orb, K10, etc. (Yue and Spradling, 1992; Berleth et al., 1988;
Lantz et al., 1992; Haenlin et al., 1987). Since some of these
Accumulation and Localization of tos mRNA inmRNAs encode nuclear proteins or proteins that are uni-
Early Embryosformly distributed throughout the oocyte cytoplasm at
these same stages, it has recently been suggested that local- The selective accumulation of tos mRNA within the de-
veloping oocyte implied the possibility that the messageization at the oocyte's anterior cortex in stages 8±10 may
be in some cases gratuitous (Serano and Cohen, 1995). Gra- might be maternally provided to the early embryos. We have
then followed the accumulation pro®le of tos mRNA duringtuitous localization may be a consequence of the fact that
the in¯ux of material from the nurse cells in these stages the very early stages of embryogenesis by developmental
Northern blot analysis of carefully synchronized embryos.of oogenesis may exceed the capacity of the oocyte to trans-
port this material posteriorly. As depicted in Fig. 6, tos mRNA is abundant in poly(A)/
RNA preparations obtained from very early, 0- to 2-hr em-By stage 9±10, tos mRNA is localized at anterior margin
of the oocyte, and a substantial increase of labeling over the bryos. The level of the transcript drops subsequently, in the
2- to 4-hr interval, and by 4±8 hr virtually no tos messagenurse cells is observed (Fig. 5e). When the nurse cells ex-
trude the bulk of their contents into the oocyte and degener- is detected. This developmental pattern is very similar to
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FIG. 4. tos mRNA is speci®cally transcribed in the female germline. (A) A Northern blot of poly(A)/ RNA extracted from ovaries and
testes, manually dissected from the remaining carcasses, was hybridized with a single-stranded antisense probe derived from tos cDNA
(see Material and Methods). (B) A Northern blot in which poly(A)/ RNA extracted from adult males or females from the wild-type or the
grandchildless tud strain was examined for the presence of tos mRNA. (C) As internal control, the same blot showed in (B) was rehybridized
with the 3-kb EcoRI genomic fragment (see Fig. 1A), to check for the presence of the ct message in tud animals.
that of other maternally supplied RNAs, such as those of cannot represent tos alleles. However, further experiments
are needed to establish whether tos readily corresponds toosk (Ephrussi et al., 1991; Kim-Ha et al., 1991), bicoid (Ber-
leth et al., 1988), nanos (Wang and Lehmann, 1991), orb a newly identi®ed genetic unit.
(Lantz et al., 1992), and other maternal genes, although
some of these messages persist at low level also during gas-
Localization of tos mRNA in the Ovaries of Bic-D,trulation.
egl, hts, and orb Mutants
We examined the effect of several mutations affecting theSearch for tos Alleles
early stages of oogenesis on the localization of tos mRNA.
Hypomorphic mutations of the Bic-D and egalitarian (egl)It is reasonable to assume that mutations in a gene with
a distinct ovarian expression could lead to female sterility. genes block oogenesis at early stages, by interfering with
the process of oocyte determination. Ovaries of females ho-Among a number of recessive female sterile mutations re-
covered by SchuÈpbach and Wieschaus (1989, 1991) in a mozygous for mutations in either of these genes develop
16-cell cysts in which all cells differentiate as nurse cells,large-scale screening for maternal effect mutations on the
second chromosome, seven were mapped in the 35±37 poly- and no oocyte is formed (Mohler and Wieschaus, 1986;
SchuÈ pbach and Wieschaus, 1991).tene interval. Three (PL10; RU28; QE1) are maternal effect
mutations affecting early embryogenesis (SchuÈpbach and The pattern of accumulation of tos message in the ovaries
is clearly perturbed in both of these mutant backgrounds,Wieschaus, 1989), while the remaining four (PL3; squash;
HL22; PN48) have been shown to affect normal oogenesis although at different stages of oogenesis. Whole-mount in
situ hybridization experiments reveal that in Bic-DR26 mu-(SchuÈpbach and Wieschaus, 1991). To determine whether
tos corresponds to any of these genes, a complementation tant females the localization of tos mRNA is unaffected in
regions 2 and 3 of the germarium and in the stage 1 egganalysis in which all seven mutant lines were crossed to
each of two de®ciencies covering the tos transcription unit chamber of the vitellarium. However, in older egg chambers
the localization of the message is no longer maintained, andwas carried out. The two deletions utilized, Df(2L)OD-15
and Df(2L) g244, are a pair of overlapping de®ciencies re- the transcript appears to be uniformly distributed (Fig. 7a).
Similar effects are observed in the ovaries of Bic-DPA66 (Fig.cently characterized at the cytological and molecular level
(Palmer et al., 1993). In each cross, the F1 heterozygous 7b). Since Bic-DR26 and Bic-DPA66 are not true null alleles
(Ran et al., 1994), the initial normal localization of tosfemales were fully fertile. Therefore, all seven mutations
tested are located outside of the two deletions used and mRNA in mutant females is likely to be due to a low resid-
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FIG. 5. In situ hybridization of wild-type ovaries with digoxygenin-labeled tos-speci®c probe. (a, b) The anterior tip of the ovariole is
shown, including the germarium and the ®rst stages of the egg chamber. In (c), stage 3 ±7 egg chambers. In (d), transient anterior
localization of tos mRNA in stage 8 egg chamber. In (e), tos message accumulates at the nurse cells±oocyte border at stage 10 egg chamber
and is uniformly diffused in the egg after the nurse cell breakdown (f). For all pictures, anterior is to the left.
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FIG. 7. Oocyte-speci®c accumulation of tos mRNA requires the activity of Bic-D, egl, hts, and orb genes. Wild-type and mutant ovaries
were hybridized together with tos probe. In situ hybridization to Bic-DR26/Df(2L)TW119 (a), Bic-DPA66/Df(2L)TW119 (b), egl1 (c), hts1 (d),
and orbdec (e) mutant ovaries with digoxygenin-labeled tos-speci®c probe. For all pictures, anterior is to the left.
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member of the RAD2 protein family. Although members
of this conserved family of nucleases have been described
in yeast (reviewed by Hoeijmakers, 1993a,b), Xenopus
(Scherly et al., 1993), mouse (Harrington and Lieber, 1994),
and man (Scherly et al., 1993; Murray et al., 1994), Tos is the
®rst member of this protein family described in Drosophila.
Nucleases belonging to the RAD2 family are known to be
involved in the nucleotide excision repair (NER) pathway, a
major pathway that eliminates from the DNA a variety of
lesions, such as UV-induced pyrimidine dimers, chemical
adducts, and DNA crosslinks (reviewed by Hoeijmakers,
1993a,b). However, in addition to removing damaged nucle-
otides from DNA, these nucleases are likely to be involved
in other functions, such as mismatch repair of replication
errors or correction of heteroduplexes in homologous re-
combination. These last two functions have been indeed
invoked for the ExoI protein, a member of the RAD2 family
recently described in S. pombe (Szankasi and Smith, 1995).
Evidence that ExoI may contribute to mismatch correction
during recombination is derived from its speci®c induction
FIG. 6. tos mRNA is maternally furnished to the early embryos. during meiotic prophase I, the lack of increased UV or g-
Accumulation pro®le of tos mRNA in poly(A)/ RNA preparations ray sensitivity in exo1 mutants, and the fact that exo1-
from carefully staged early embryos. The probe used is described defective strains cause a mutator phenotype as well as alter-
in Fig. 4.
ations in recombination frequencies (Szankasi and Smith,
1995). On the basis of its lower relatedness to the other
members of the family, ExoI appeared to represent a new,
ual activity of Bic-D product. Nevertheless, our results sug- third class of the RAD2 group. We report here that the
gest that the Bic-D product plays a role in maintaining tos Drosophila tos gene encodes a protein highly related to ExoI
mRNA localization throughout oogenesis. and thus represents a new member of the same class. Inter-
The effect of egl is more striking: tos mRNA exhibits no estingly, the alignment between Tos and ExoI has revealed
particular enrichment in any cell within the germarial re- that these two proteins share sequence homology not only
gion 2, as well as in the subsequent vitellarial stages (Fig. in the N and I domains, but also within a third conserved
7c). domain. Since additional conserved domains mark speci®-
Similar results have been obtained by analyzing the ova- cally each class of the RAD2 family, this newly identi®ed
ries of hts and orb mutants. Oogenesis in the hts1 allele is region might facilitate the isolation of new members of this
blocked before the formation of the normal 16-cell cysts rapidly growing class from other organisms.
and only few, degenerated egg chambers are present in these In adult ¯ies, tos shows a sex-speci®c expression pro®le,
mutant ovaries (Yue and Spradling, 1992; Lin et al., 1994). being actively transcribed only in the germline of females.
In these hts1 ovaries, tos mRNA shows no particular enrich- Given that genetic recombination in Drosophila is re-
ment in any cell (Fig. 7d). stricted to female meiosis, it is tempting to suggest that tos
The orbdec mutation appears to prevent the initiation of expression might be speci®cally related to the occurrence
the developmental pathway leading to the differentiation of homologous recombination. Any gene postulated to play
of the oocyte and the nurse cells, suggesting that orb may a role in the recombination process should be expressed
play a more precocious role in the oocyte determination into the oocyte within the temporal window in which cross-
than that played by the egl and Bic-D genes (Lantz et al., ing over occurs. Within the ovary, differential enrichment
1994; Christerson and McKearin, 1994). As expected, no of tos mRNA starts early, in the germarial region 2a, where
enrichment of tos message in any particular cell type can the transcript is rapidly transported from the pro-nurse cells
be detected in these abnormal ovaries (Fig. 7e). to the pro-oocyte. Within this germarial region, electron
In summary, the localization of tos mRNA is abnormal microscopical analysis revealed the occurrence of synapto-
in these mutant ovaries. Whether this effect is due to the nemal complexes (SC) (Carpenter, 1975a). Densely staining
lack of speci®c interaction between tos and these other gene structures that have been strongly implicated as the sites
products or to the general failure of oocyte differentiation of genetic recombination have been described on the SC.
cannot be determined at this time. These structures can be differentiated as early and late re-
combination nodules, on the basis of their shape and timeDISCUSSION of appearance (Carpenter, 1975b, 1979a,b). Frequency and
distribution of late, spherical recombination nodulesWe report here the identi®cation and the molecular char-
acterization of a Drosophila gene, tos, that encodes a new closely parallel the distribution of exchanges (Carpenter,
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F. Z., and Lehmann, A. R. (1993). Evolutionary conservation of1979a). This type of nodule is prevalent during the middle
excision repair in Schizosaccharomyces pombe: Evidence for aand late pachytene stages of the oocyte which occur in
family of sequences related to the Saccharomyces cerevisiaegermarial regions 2 and perhaps 3. Hence, the timing of tos
RAD2 gene. Nucleic Acids Res. 21, 1345±1349.mRNA enrichment within the oocyte is compatible with
Christerson, L. B., and McKearin, D. M. (1994). orb is required forits postulated role in meiotic recombination. Further exper-
anteroposterior and dorsoventral patterning during Drosophila
iments, such as the localization of Tos protein within the oogenesis. Genes Dev. 8, 614±628.
oocyte and the isolation of tos mutants, are thus necessary Cooley, L., and Theurkauf, W. E. (1994). Cytoskeletal functions
to establish whether Tos actually plays a role in this central during Drosophila oogenesis. Science 266, 590 ±596.
biological process. Ephrussi, A., Dickinson, L. K., and Lehmann, R. (1991). oskar orga-
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endonucleases: Implications for nucleotide excision repair.
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